The capability of an actinic (at-wavelength) inspection system for extreme ultraviolet lithography (EUVL) mask blank has been analyzed by experiment and simulation. The actinic inspection optics, that we developed to obtain a two-dimensional dark field image, consists of illumination optics, Schwarzschild optics with concave and convex mirrors as dark-field imaging optics, and a back-illuminated chargecoupled-device (BI-CCD). A test mask blank with programmed bump defects of smaller sizes and lower heights compared to those used in a previous work was fabricated and the bump defects were detected by the tool. The inspection experiments demonstrated that fabricated multilayer defects down to 1.5 nm in top height and 60 nm in width can be successfully detected. The simulation further indicated that the inspection optics performed well in detecting phase defects of 1.5 nm in height and 40 nm in width.
Introduction
Mask pattern reduction projection has widely been used for lithography technology in semiconductor industry. Current most advanced lithography employed for high volume manufacturing of semiconductor devices is an ArF (193 nm) immersion lithography with potentials for meeting the goals for half pitch (hp) 45 nm node to 32 nm node. For hp 32 nm node and beyond, extreme ultraviolet lithography (EUVL) is one of the most promising candidates for printing critical layers of devices because the exposure wavelength for EUVL is 13.5 nm which is about one tenth of that for optical lithography. While the conventional optical lithography uses a transparent type mask, EUVL uses a reflective type mask which consists of multilayer-coated mask blank and absorber patterns formed on the blank. The fabrication of defect-free mask blank including inspection is a major challenge for the implementation of EUVL.
In multilayer-coated mask blank, defects and particles on the substrate with a few nanometers in size are of serious concerns, because the topography of the defects propagates through a multilayer during the deposition and where such a multilayer structure causes a phase shift of EUV light when reflected by a mask blank. To detect this kind of defect, laser-based confocal microscope inspection tool has been developed. 1, 2) However, since multilayer defect with a height of 2 nm is seen to be critical for phase defect for hp 32 nm node, 3) it is not certain if the continued improvement of ultraviolet (UV) or deep ultraviolet (DUV) laser-based inspection would be able to provide sufficient inspection capability for hp 32 nm node and beyond. The laser-based inspection is sensitive only to the top surface of the multilayer while phase defect printability depends on the irregularity of multilayer structure. Furthermore, the phase defect is printable even though the top surface of the multilayer could be flat. 4, 5) Such defects cannot be detected by the laser-based inspection tool.
An actinic (at-wavelength) inspection can provide phase defect detection capability for which various inspection techniques have been investigated. [6] [7] [8] [9] [10] [11] We have been working on the development of actinic dark-field inspection of EUVL mask blank based on an original proposal by National Institute of Advanced Industrial and Science Technologies (AIST), 12, 13) where those studies were conducted at MIRAI-II. [14] [15] [16] [17] [18] In our previous work, an actinic inspection with dark field imaging was experimentally demonstrated to have a capability of detecting multilayer phase defect caused by a particle defect with a small height down to 2 nm.
16) The smallest size of the fabricated defects used in the previous study was still larger than the estimated size of minimum critical defects in hp 32 nm node.
In this paper, inspection capability of the dark-field inspection optics is demonstrated by using a newly fabricated test mask blank with bump defects of smaller sizes and lower heights compared to those used in the previous work. Inspection sensitivity and its limit are also discussed through experimental results and signal analyses. Experimental results indicate that a defect of 60 nm in width and 1.5 nm in height can be clearly detected by our inspection optics, and a signal analysis suggests that the optics has an inspection capability of detecting 40-nm-wide defects with the same height.
Experiments

Inspection tool
The basic concept of our EUV actinic inspection optics used in this work is illustrated in Fig. 1 . It consists of illumination optics, Schwarzschild optics with concave and convex mirrors forming a dark-field imaging optics, and a backilluminated charge-coupled-device (BI-CCD) to obtain a dark field image. The Schwarzschild has a magnification of 26Â and its inner numerical aperture (NA in ) and outer numerical aperture (NA out ) are 0.1 and 0.2 respectively. Convergent EUV light for illumination is deflected by 90 by plane mirror illuminating a wide area of the mask blank. While specular reflection by the mask blank returns back and follows the incident optical path, EUV light scattered by a defect, and lying within a ring defined by two concentric cones with inner and outer angles of sin À1 NA in and sin À1 NA out is captured by a Schwarzschild optics and imaged onto a BI-CCD camera. As illustrated in Fig. 1 , only a pixel corresponding to an image including defect results in a bright image, while all other pixels detect background level that arises from several irregularities such as surface roughness of the mask blanks etc. Therefore, defects are visibly identified as brighter spots compared to the surrounding area. The illumination chief ray angle is 0 as shown in the figure. Although the multilayers are optimized to an incident angle of 6 , a reflectivity loss due to normal incidence is lower than 5% as predicted by reflection simulation prediction.
For an EUV light source, an in-house laser produced plasma (LPP) source designed by AIST is used. Through an ellipsoidal mirror and plane mirror, EUV light illuminates a circular area of approximately 0.7-mm-diameter on the mask blank such that a 0.5 mm square area image can be obtained by the Schwarzschild optics without having to move the mask stage. The EUV pulse energy at the illumination area is approximately 3:6 Â 10 À7 J or 2:4 Â 10 10 photons per pulse.
An EUV sensitive BI-CCD camera is set at the image plane of a Schwarzschild optics for dark-field imaging. The pixel size of BI-CCD is 13 mm square that by using 26Â Schwarzschild optics amounts to 500 nm square at the mask blank. Thus, in case where this CCD with 1000 Â 1000 pixels is employed to a full-field mask blank inspection tool, one image area corresponds to 0.5 mm square area on the mask blank. Therefore, there turn out to be approximately 80000 images in the total inspection area of 142 mm square on the mask blank or 80000 mega pixels covering the area. This number when combined with a data transfer rate of 10 mega pixels per second amounts to an inspection speed of about 2 h per mask blank. Figure 2 shows inspection time for a full-field mask blank as function of pixel size for several data transfer rates. EUV sensitive BI-CCD with a data transfer rate up to 10 mega pixels per second is now commercially available. The validity of choosing a pixel size of 500 nm at mask blank site, in order to attain a suitable sensitivity, is demonstrated by inspection experiments.
Test mask
To evaluate the phase defect detection sensitivity for the tool, a multilayer-coated test mask blank with the programmed phase defects 19) of lower height compared to those used in the previous work was fabricated by HOYA Corp. The mask substrate was a 6025 format standard quartz. A schematic view of the programmed defect array is shown in Fig. 3 . There are many defect pattern cells on the mask blank and each cell comprises 13 sub-cells. Within each subcell, there are 10 Â 40 programmed phase defects which are arrayed with same size at 25 mm away from each other. These programmed defect arrays are surrounded by large dots to distinguish between adjacent sub-cells. Therefore, each cell contains 13 different defect sizes. All of the defects were fabricated by depositing Si/Mo multilayer onto 2.5-nm-high bumps that served as defect seeds on the substrate. The full widths at half maximum (FWHM) and the top heights of the programmed defects measured by atomic force microscope (AFM) are listed in Table I . Because the height of the defect seed at the bottom of the multilayer was 2.5 nm, the top surface of the defect with its FWHM larger than 100 nm is shaped like trapezoid while the smaller ones are shaped more like a Gaussian function. 
Inspection images
The EUV inspection images obtained from the first four programmed defects of smaller sizes are shown in Fig. 4 . These images were obtained by accumulating 100 EUV pulses of illumination or 2:4 Â 10 12 photons using the actinic inspection tool. All of the programmed defects were visibly identified as brighter spots compared to the surrounding area. The extracted pixel intensity distributions along the lines including the defects indicated in Fig. 4 are plotted in Fig. 5 and these are compared with those obtained at the previous work. Although the heights of these defects are lower than those of defects used in the previous work, the signal intensity from the programmed defect is found to be larger than that of the background intensity and pixel intensity variation is found to be sufficient for setting detection threshold.
Actinic inspection images obtained from the remaining larger size programmed defects are shown in Fig. 6 . As the defect size becomes large, inspection signal intensity increases monotonically. All of programmed defects were successfully identified.
Discussion
Signal analysis
The inspection image varies depending not only on the top surface of multilayer but also on the bottom topography of the multilayer. In particular, the smallest defect fabricated on the test mask blank has a Gaussian shape with 1.5-nm-height at the top surface of the multilayer while the multilayer bottom topography is likely to be trapezoid with a height of 2.5 nm. Therefore actual inspection signal intensity seems to be larger than that obtained from only the top surface topography measured by AFM.
Here we assumed three kinds of multilayer bottom topographies while the top surface topography is fixed to 60 nm in width and 1.5 nm in height for all cases as shown in Fig. 7 . In model A, the bottom shape is a trapezoid of 60 nm in width and 2.5 nm in height which is an actual shape. Model B shows a Gaussian shape with a FWHM of 60 nm and of 2.5 nm in height as a multilayer bottom shape, and model C is a simplest case where the multilayer bottom shape is seen to be same as the top surface. Models A and B have smoothed multilayer structures while model C is the case of non-smoothed multilayer structure.
The simulated optical phases and amplitudes of reflected light at the top surface of multi-layers for the three kinds of models are shown in Fig. 8 . A software EM-Suite (Panoramic Technology) was used for this simulation. Amplitude of reflected light is almost the same for the three models, but the optical phase shifts differ from each other. For model C, which is the case of non-smoothed multilayer structure, the phase shift of reflected light is almost the same as the one predicted by simple single surface approximation and the maximum phase shift at the center of defect is 80 that corresponds to an optical path length difference of twice the bump height of 1.5 nm. However, when models A and B are assumed the optical phase shift increases and where the defect can be recognized as larger bump defect. Simulated dark-field image intensity distribution and predicted inspection pixel intensity calculated by integrating the image intensity in the pixel area are shown in Fig. 9 . Because the phase defect for model A causes larger phase shift of reflected EUV light, its image is brighter than with other models as indicated in Fig. 9(a) . Here, the pixel intensity is defined by integrating the image intensity in the pixel area (500 Â 500 nm 2 ) and calculated pixel intensities corresponding to the three models are shown in Fig. 9(b) . These pixel intensities are normalized by illumination intensity. It is clear that the pixel intensity for model A is the largest among the three models as inferred from the phase shift of reflected light shown in Fig. 8(a) . This result indicates that the defect signal intensity may be larger than the one predicted from only a multilayer top surface topography. It also suggests that the defect printability may increase while a multilayer top shape is fixed.
For all programmed defects used in this study the simulated image intensity spreads within almost one pixel area. Therefore, expected inspection signal consists of only one bright pixel intensity. However, even for smallest defect, inspection image spreads into several pixels as shown in Fig. 4 due to optical wave-front aberration of the inspection optics and electron diffusion in the BI-CCD camera.
According to a previous study, the FWHM of the total point spread function (PSF) of this inspection tool is 18.4 mm while the pixel size is 13 mm. Therefore, very small defect compared to a pixel size is detected as several bright pixels instead of one bright pixel, and the center pixel intensity of defect detection signal drops down to approximately 40% of the simulated pixel intensity. Actual phase defect signal is obtained by summing up these bright pixel intensities.
Requirement of detection
In the dark-field inspection, EUV light scattered by the phase defect is captured by imaging optics and generates a bright defect signal. Even without any defects some amount of light is detected in every pixel from scattering by surface roughness and generates background signal as shown in Fig. 10 . For example, the mask blank with a surface roughness of 0.15 nm rms, which meets the requirement of specification in SEMI P37, generates the background level of approximately 0.2% of illumination intensity if it is inspected by the dark-field imaging optics whose outer and inner NAs are 0.2 and 0.1. 20) When the intensity of a certain pixel exceeds a predetermined threshold, the location corresponding to the pixel indicates that there is a defect. To identify the defect with sufficient window for setting detection threshold, the following inequality must be satisfied:
where (S þ BG) and (BG) indicate the average intensities of the CCD pixels with a defect and those without a defect. Á ðþBG Þ and Á ðBGÞ are fluctuations of the respective intensities. The pixel-to-pixel variability of the background level are functions of shot noise, readout noise of CCD, illumination uniformity variation, and so on. Here, assuming the pixel intensity be defined as a photon number captured by BI-CCD pixel, then
where N is number of photons illuminating the mask blank surface per pixel area, R S is pixel intensity for defect signal normalized by illumination intensity as explained in §3.1, R BG is pixel intensity corresponding to background intensity also normalized by illumination intensity, and S and BG are multiplying factors determined by transmittance of imaging optics and intensity loss due to PSF of the CCD. If the shot noise is a dominant factor of intensity fluctuation, the required relationship is then shown by eq. (3) which is rewritten from eq. (1).
Equation (3) indicates that the difference between pixel intensities with and without defect required to be P times larger than the noise level. In general, the value of P is set at 2 or 3.
In the following analysis, R GB caused by mask blank surface roughness is assumed to be 0.002 and BG is assumed to be 0.44 which is a total transmittance of the Schwarzschild optics. The value of S is also assumed to be 0.12 when both transmittance of imaging optics and intensity loss are due to PSF of the CCD. Substituting eq. (2) into eq. (3), the follow relationship is obtained:
:00733 ð4Þ Figure 11 shows the relationship between defect signal R S and photon number N as indicated in eq. (4) for several values of parameter P (P ¼ 2, 3, and 4). The defect signal R S in a region above the curves is considered to be sufficient to set detection threshold and the corresponding defect can be clearly identified while defect signal R S below the curves is insufficient to detect the defect.
As mentioned in §2.3, the EUV pulse energy at the illumination area of the mask blank was 2:4 Â 10 12 photons to get inspection images. Because the image was captured by 1000 Â 1000 pixels, an order of photon number per pixel turns out to be about 10 6 . Therefore, a defect corresponding to the defect signal R S down to approximately 0.001 can be detected if the value of P is 3. If P has to be set to 4 to avoid some risks, inspection sensitivity degrades. On the other hand, if P can be set to 2 or to smaller values using some noise reduction algorithms successfully, inspection sensitivity increases. In addition, inspection sensitivity also increases when the photon number increases by using higher EUV power source or longer inspection time if acceptable. Simulated defect signal R S for small phase defect as functions of defect widths (FWHM) and defect heights are plotted in Fig. 12 . Gaussian profile of the phase defect was assumed for the simulation, which is valid for the defect size indicated in the figure. Circular points shown in Fig. 12 indicate the phase defect sizes corresponding to the defects used in the inspection experiments. Considering the fact that the smallest defect in the inspection experiment was clearly recognizable and referring to the simulated defect signal shown in Fig. 12 , smaller defect of 40 nm in width and 1.5 nm in height can be detected with almost the same defect signal R S as that of 60 nm in width and 1.5 nm in height. Furthermore, 30-nm-wide and 1.5-nm-high defect could be detected for the same inspection optical condition because the defect signal R S of 0.001 is almost sufficient to set detection threshold as indicated in Fig. 11 . This meets the requirement of detection capability for hp 32 nm node and beyond.
Conclusions
Inspection capability of an actinic dark-field imaging was demonstrated by using a newly fabricated test mask blank with programmed bump defects in smaller sizes and lower heights compared to those used in a previous work. The smallest defect of 1.5 nm in top-height and 60 nm in width on a test mask was successfully identified by the inspection optics which we had developed. Inspection signal and sensitivity were analyzed and the relationship between inspection sensitivity limit and illumination energy was studied. The analysis suggested that defect of 1.5 nm in height and 30 nm in width can be detected under the current inspection optical condition.
